Further, collapse of the molecular assemblies formed by amphiphilic molecules drastically changes the interfacial tension due to the adsorption of the amphiphilic molecules onto the oil/water interface. Thus, if we can monitor the change in interfacial tension with sufficient time resolution (about from milliseconds to seconds), we can obtain useful information on the dynamic behavior of the molecular assemblies at liquid/liquid interface.
At liquid/liquid interfaces, capillary waves are spontaneously excited by thermal fluctuation.
Such waves are called "Ripplons". 5 The recovery force of the Ripplon is the surface tension at the interface.
Surface tension is the most fundamental property that can describe the physical states of the liquid/liquid interface. Since the recovery force determines the frequency of the Ripplon, we can monitor the change in surface tension by measuring the change in frequency of the Ripplon. The generation, propagation, and annihilation of the Ripplons induce the fluctuation in morphology of the liquid surface. We can monitor the fluctuation by measuring light scattering from the interface. By measuring the scattered light originated from an liquid/liquid interface at a certain angle, we can measure the frequency of the Ripplon with corresponding wavelength in an analogous manner to Brilloin scattering by thermal phonons. [6] [7] [8] [9] The improvement in time resolution allows us to monitor the time course of the interfacial tension through the change in frequency of the Ripplon with millisecond time resolution. [10] [11] [12] [13] The changes in interfacial tension provide us useful information on various kinds of dynamic behaviors of molecules at liquid/liquid interfaces. We named this surface-selective, dynamic light scattering method: "Time-Resolved Quasi-Elastic Light Scattering (TR-QELS)".
Here, we introduce our recent attempts to observe dynamic behaviors of the molecular "assemblies" at liquid/liquid interfaces by the TR-QELS. As molecular assemblies, we focused on bis(2-ethylhexyl)sulfosuccinate (AOT) microemulsion, biological membrane models formed by phospholipids, and liposome-DNA complexes.
They are relevant in material science and biological technology. We divided the following contents into four sections: (1) Time-resolution of the TR-QELS method. 
Experimental
Principles and theoretical treatment of the TR-QELS method are described elsewhere. 14, 15 Here we show the experimental diagram of the TR-QELS (Fig. 1) . For the light source of the surface-selective dynamic light scattering measurement, the beam from an Nd-YAG laser (CRYSTALASER, wavelength: 532 nm, power: 60 mW) was reflected through the slit (0.30 mm) and then passed through the bottom of the sample cell.
After passing through the sample, the diffracted beams from the slit are mixed with the scattered light from the capillary wave, and one of the diffracted beam was selected by an aperture (Φ: 1 mm). The optical beat of mixed light was detected by a photodiode and the beat frequency was analyzed by a digital fast Fourier transform (FFT) analyzer (Sony Tektronix Co.,
Model 3056).
For fluorescent measurements, the third harmonic of an Nd-YAG pulse laser (EKSPLA 2143B, pulse duration 30 ps, wavelength 355 nm, repetition ratio 10 Hz) was used as a light source. The beam radius and pulse energy was 2.3 mm and 1 mJ, respectively. The pulse beam was irradiated from the normal direction of the liquid/liquid interfaces and fluorescent emission was observed from the lateral side of the interface by a spectrometer (JASCO, CT-25) and streak camera (HAMAMATSU PHOTONICS, C3443). All experiments were performed at room temperature (298 K).
Results and Discussion

3·1 Time-resolution of TR-QELS method
At first we show the time-resolution of the TR-QELS method. Figure 2 (a) shows a typical time course of the scattered light intensity from the liquid/liquid interface. By analyzing the selfcorrelation function of the time course of the scattered light, we can obtain the damped oscillation signal which represents the frequency and the damping of the Ripplon at the interface. To obtain the signal from the Ripplon at around 10 kHz in frequency, we measured for 1 ms to construct the damped oscillation waveform that includes information on the frequency (related to interfacial tension) and on the damping constant (the lifetime of Rippron, which is related to viscosity). The typical waveform of the damped oscillation function is shown in Fig.  2(b) ; it is obtained from the data shown in Fig. 2(a) . Thus, the time resolution of the TR-QELS has reached to millisecond order; that is enough time-resolution to monitor the adsorption and desorption of molecular assemblies at liquid interfaces.
3·2 Dynamic behaviors of the AOT microemulsions at
liquid/liquid interfaces We monitored dynamic behaviors of microemulsions at a liquid/liquid interface by the TR-QELS and fluorescent measurements.
As a surfactant, sodium bis(2-ethylhexyl)sulfosuccinate (AOT) was used to form water-in-oil microemulsions. 16 The microemulsion sizes can be easily controlled by the water-surfactant molar ratio (W0 = [H2O]/[AOT]) with narrow distribution ranges. 17 Therefore,
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ANALYTICAL SCIENCES NOVEMBER 2004, VOL. 20 AOT is one of the most frequently used surfactants in a variety of chemical reactions. 18, 19 We chose heptane as an oil phase. We measured the change in interfacial tension induced by the adsorptions and collapses of AOT microemulsions and the subsequent adsorption of the AOT molecules at the water/heptane interface. The AOT microemulsion solution was prepared by injecting water into a 1 mM AOT-heptane solution.
In this work, the W0 value was 30 (emulsion radius: 5.6 nm). The liquid/liquid interface was prepared by gently pouring heptane (5 ml) onto purified water (10 ml) in a quartz cell. The AOT microemulsions were dispersed in the heptane in advance. Figure 3 (a) shows the time course of the interfacial tension after preparation of the heptane (AOT microemulsions were dispersed)/water interface. The time of 0 s means the moment when the liquid/liquid interface is prepared.
After the preparation, the interfacial tension rapidly decreased and reached its minimum value at about 10 -20 min as microemulsions collapsed and AOT molecules adsorbed at the interface. Interestingly, the interfacial tension drastically decreased and reached its minimum value 20 min after the formation of interface. Then interfacial tension increased gradually for about 40 min and reached the equilibrium value. We named this overshoot response of the interfacial tension at the liquid/liquid interface as "rebound behavior". 20 We confirmed that neither the instability induced by preparing the liquid/liquid interface nor the adsorption and desorption of AOT molecules themselves were responsible for the rebound behavior. The rebound behavior of interfacial tension lasting for such a long time (>1000 s) has not been reported so far.
The most specific feature of the rebound behavior is the remarkable decrease of the interfacial tension, to a lower value than that at equilibrium. In normal adsorption and desorption behaviors of single molecules at a liquid/liquid interface, adsorption and desorption take place simultaneously on millisecond order time scale. Since the interfacial tension averages out the contributions from both adsorption and desorption of surfactant molecules, the interfacial tension generally decreases monotonously until it reaches its equilibrium value. 21 Thus, the rebound phenomena seems to be curious only from the viewpoint of normal adsorption phenomena of the surfactants. It is known that not only the amount of the surfactants at interfaces, but also the change of interfacial thickness, where molecules in water and oil phase are mixed at molecular level also contribute to the decrease in interfacial tension. 22 Therefore, the transient change of interfacial thickness, where oil, water and surfactant molecules are mixed in molecular level, is responsible for the rebound behavior. We considered the transient enhancement of the mixing area should be responsible for the overshoot response in interfacial tension.
To confirm the transient enhancement of the mixing area, we also measured fluorescent spectrum utilizing fluorescent probe molecules, 1,8-anilinonaphtalenesulfonate (1,8-ANS). 1,8-ANS is well-known polarity sensitive probe and is widely used for monitoring the local environment. 23, 24 In general, the decrease in surrounding solvent polarity will induce a blue-shift of the fluorescent band and an increase in its intensity. If the 1,8-ANS is located at an oil/water interface, it gives fluorescent band with intermediate characteristics between the physical and chemical properties in the water phase and those in the oil phase. If the mixing area of the interface increases, the corresponding increase in fluorescent intensity of the 1,8-ANS should be observed. (b) Fluorescent spectra measured when microemulsion are diffused and collapsed at the interface (black filled circles) and in the absence of the microemulsion (gray filled circles). microemulsion is dominated by the fluorescent from the 1,8-ANS in heptane phase (peak wavelength: 390 nm, Fig. 3(b) ). When AOT microemulsions adsorbed at the interface, we can notice the increase of the fluorescence intensity at 450 -500 nm. The wavelength of the newly appearing fluorescent band is in the middle between that of ANS in pure heptane (below 400 nm for 355 nm excitation) and that in pure bulk water (520 -530 nm). This means that the increased band came from the 1,8-ANS in interfacial region, where both water and heptane molecules coexist. This result supports the consideration that the mixing area is enhanced by the adsorption of AOT microemulsions. The extent and duration of the mixing are important parameters to understand and control chemical processes (reactions, extractions, etc.) occurring at the liquid/liquid interfaces. Thus, these experiments shows that it is important to consider the transient mixing of the molecules in water and oil phase at the interface when molecular assemblies adsorbed onto the interface. Further analysis of the rebound phenomena by varying the size of microemulsion is described elsewhere. 20
3·3 Formation of biomembrane models at liquid/liquid
interfaces and monitoring of biological reactions Next, as another dynamic molecular assembly system at liquid/liquid interface, we introduce development of biomembrane models formed at an oil/water interface for monitoring biological reactions in real time by utilizing laser spectroscopic techniques. Biological membranes are closely related to vital cell activities, such as energy transformations, immune recognitions, neurotransmissions and biosyntheses. Research into the reaction kinetics in biological membranes has been carried out to investigate the reaction mechanisms. [25] [26] [27] Since biological membranes are present between the internal water and the external water of cells, it is difficult to selectively observe the reactions in biological membranes. In addition, since many steps generally constitute the reactions, monitoring them in real time is necessary to understand the reaction scheme in detail. Thus, a measurement method which has surface selectivity with sufficient time-resolution is desirable to monitor the biological reactions occurring at the biomembrane.
Here, we combined an oil/phospholipid monolayer/water biomembrane model formed at an oil/water interface with the TR-QELS method. In this system, since we monitor the reaction though the change in interfacial tension, we can choose freely the kinds of co-existing electrolytes and the experimental conditions, such as ionic strength. This is advantageous in the monitoring of biological reactions that are drastically influenced by the kind and concentration of co-existing ions. As an example of a reaction on a biological membrane, we monitored hydrolysis reaction of phospholipids by phospholipase A2 (PLA2). Phospholipids, which mainly consist of lipids, are the primary components of biological membranes. The hydrolysis reaction of the phospholipid is the rate-limiting step in the biosynthesis of eicosanoids; such reactions influence important physiological phenomena such as regulation of blood pressure and the inducement of blood coagulation. 28, 29 The procedure to form the oil/phospholipid monolayer/water system is as follows. A 20 ml aqueous buffer subphase containing 100 mM NaCl, 5 mM CaCl2 and 10 mM Tris-HCl (pH 8.9 at a temperature of 298 K) was poured into a quartz cell (inner diameter: 60 mm) in advance. Then, phospholipid (phosphatidylcholine (PC)) monolayer was spread onto the buffer subphase. The amount of the PC molecules was 23 nmol, corresponding to 8.1 µmol/m 2 . After spreading the phospholipids, we gently poured a 20 ml tetradecane phase onto the buffer subphase. We selected n-tetradecane as the oil phase because the biological membranes in living cells generally form bilayer structures and the number of carbon atoms of the ntetradecane is close to that of the alkyl chains of phospholipids in biological membranes (C ≥ 16). We expected that the tetradecane phase would act as the hydrophobic alkylchain part of the counter phospholipid monolayer. The experimental setup described here is schematically shown in Fig. 4 .
When PC molecules are hydrolyzed by PLA2, they are decomposed into L-α-lysophosphatidylcholine palmitoyl (C16Lyso-PC) molecules and palmitic acid (PA) molecules in equimolar ratio. Since these hydrolysis products are soluble in the oil phase, they sequentially desorbed into the oil phase after the reaction. The interfacial tension at the oil/water interface increases through the decrease of surface-active PC molecules and the desorption of the hydrolysis products. Thus, we can monitor the reaction progress through the change of interfacial tension.
We prepared the PC monolayer at the tetradecane/water interface and waited for about 1 h to confirm that no change of interfacial tension occurred before PLA2 injection. Then, we injected PLA2 into the aqueous subphase at a temperature (310 K) at which PLA2 showed enzymatic activity. Figure 5(a) shows the time course of the interfacial tension. The interfacial tension increased gradually for about 4 min after PLA2 injection (lag phase), 30 and then rapidly (burst phase of the reaction). Finally, it became constant about 30 min after PLA2 injection (equilibrium phase). The three observed reaction phases, namely lag, burst and equilibrium, are characteristic for the hydrolysis reaction induced by PLA2. 31 To confirm that the change of the interfacial tension was caused by the enzymatic reaction, we also measured the time course of the interfacial tension at the temperature (298 K) at which PLA2 showed little enzymatic activity (Fig. 5(a) , filled triangle). In the latter case, the interfacial tension changed very little after the PLA2 injection, indicating that the change of the interfacial tension was induced by the enzymatic reaction by PLA2. Thus, we successfully monitored the enzymatic reaction at the phospholipid monolayers that formed at liquid/liquid interfaces.
We also investigated the effect of the co-existing Ca 2+ ions, because PLA2 is considered to be activated by the binding with Ca
2+
. [32] [33] [34] Although calcium ion is well-known as an essential
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ANALYTICAL SCIENCES NOVEMBER 2004, VOL. 20 Fig. 4 Schematic illustration of the experimental setup for the measurements combining biological membrane models formed at an oil/water interface and the TR-QELS technique. As one example, the hydrolysis reaction by PLA2 occurring at the biomembrane model formed at the oil/water interface is illustrated.
co-factor in the hydrolysis reaction, [34] [35] [36] the relationship between the lag phase and calcium ion is unclear. The result is shown in Fig. 5(b) . In the presence of 5 mM calcium ions, the reaction burst after the lag phase lasted for about 4 min. Then, the reaction reached equilibrium about 30 min after PLA2 injection. On the other hand, in the presence of 5 µM calcium ions, the lag phase continued for about 30 min. Then, after the reaction burst, it reached equilibrium. These results indicated that the calcium ion concentration was a particularly important factor setting duration of the lag phase. These measurements showed that the combination of biomembrane models formed at oil/water interface and TR-QELS technique provided an useful experimental model to investigate the enzymatic activity, kinetics of the reactions at biomembrane, effect of the coexisting ions, and so on. Detailed analysis and construction of advanced models are described elsewhere. 37, 38 3·4 Monitoring the adsorption of liposome-DNA complex onto the biomembrane modes with different compositions of phospholipids Finally, as an advanced models of biomembranes, we investigated the adsorption of liposome-DNA complex onto biomembrane models with different kinds of phopholipid formed at the oil/water interface for the model of lipofection. The lipofection is a powerful technique for DNA transfection into living cells by the use of cationic liposomes. 39 They fuse the plasma membrane of cells and facilitate the delivery of functional DNA into the nucleus at high probability. In this experiment, we formed other advanced biomembrane models with similar compositions in living cells. 40 Biomembranes in living cells are generally composed of many kinds of phospholipids and they form bilayer structure by stacking the hydrophobic alkyl chain parts on the inside of the membrane. The major phospholipids in the cell organelle are phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylcholine (PC), sphingomyelin (SM), and phosphatidylinositol (PI). Interestingly, the composition of these phospholipids is asymmetric on the inside and outside of the cell. However, the biological meaning of the asymmetric composition of the biomembrane has been poorly understood. We investigated the difference in adsorption and desorption of liposome-DNA complexes for the inner and the outer biomembrane models. The constitution (%) of the different kinds of phospholipids in the inside and outside biomembrane models used here was (PE, PS, PC, SM, PI) = (40, 18, 33, 6, 3 ), (9, 3, 44, 31, 13) , respectively. We obtained liposome-DNA complex by mixing 100 µl PBS buffer solution with 4 µl liposome (Invitrogen, Lipofectamine 2000, diameter: 100 -400 nm) and 100 µl PBS (pH 7.4) buffer solution dissolving 1.6 µg DNA (Invitrogen, plasmid pCMV, SPORT-βgal, 7853 bp.). Figure 6 shows the temporal change in interfacial tension when liposome-DNA complex is added in the aqueous buffer phase. We can measure the decrease of interfacial tension corresponding to the adsorption of liposome-DNA complex. Also in this case, we observed a rebound of the interfacial tension.
In the present case, the rebound phenomenon completed within 30 s. Although the duration of the rebound phase was quite short compared to that observed in the adsorption of AOT microemulsions (> 1000 s), we considered that in the adsorption of molecular assemblies, mixing and reconstruction of local molecular environment in the interface area generally occur and this takes several tens of seconds or even a much longer time. In such reconstruction of the interface, disassembly of the molecular assemblies transiently releases excess amphiphilic molecules in the interfacial area. This leads to the extension of the mixing area of the interface, where water, oil, and the amphiphilic molecules are mixed at molecular level. Sequentially, the oil/water interface transfers to its new equilibrium state, accompanied by the monolayer formation of the amphiphilic molecules, desorption of excess amount of the amphiphilic molecules, and so on. We considered that the mixing and reconstruction of the oil/water interface resulted in the rebound of the interfacial tension.
Then we compared the dynamic behaviors of liposome-DNA complexes towards the inside and outside biomembrane models with different compositions of phospholipids. Interestingly, the dynamic behavior of the liposome-DNA complex was different between the inside and outside model even though experimental conditions were the same except for the compositions of the phospholipids. The liposome utilized in lipofection is generally cationic because the DNA has negative charge. Thus, the different phospholipids should affect the electrostatic environment adjacent to the membrane. The differences in the rate of adsorption, and in the equilibrium value of the interfacial tension are expected to provide useful information to increase transfection efficiency from a viewpoint of interactions between phopholipids and liposomes. The detailed analysis was reported elsewhere. 40 Although there are many similarities and differences between these models formed at an oil/water interface and a biomembrane in a living cell, these phospholipid monolayers formed at liquid/liquid interface are expected to provide useful and convenient models to investigate biological phenomena occurring at biomembranes.
Characteristic behaviors of molecular assemblies at interfaces have attracted much more attention in many fields in science and technology.
Membrane fusion, 41 reversed micellar extaction, 42 formation of AOT microemulsions at an oil/water interfrace, 43 formation and accumulation of lipid nanotubes, 44 chemical oscillation phenomena, [45] [46] [47] [48] unusual current generation triggered by fusion of emulsion, 49 and hybridization of complementary single-stranded DNA, 50 are examples of them. We believe the experimental technique shown here will provide a new and useful tool to investigate phenomena where dynamic behaviors of molecular assemblies play important roles.
Conclusions
In the present review, we introduced our recent investigations of dynamic behaviors of molecular assemblies at oil/water interfaces studied by TR-QELS mehod. We found "rebound phenomena" of the interfacial tension induced by the adsorption and collapse of AOT microemulsion and liposome-DNA complex at oil/water interfaces. From the time-scale of the change in interfacial tension and change in fluorescent spectra of probe molecule, we suggested that the oil/water interface is not static but dynamically changes the extent of the mixing of molecules in water and oil phases, especially when assemblies formed by amphiphilic molecules are adsorbed onto the interface. The overshoot response of the interfacial tension and change in the extent of the mixing of the oil/water interface should be taken in account in many applications utilizing molecular assemblies (micelles, vesicles, microemulsions, and so on). We also proposed new tools to investigate chemical processes at biological membranes utilizing oil/water interface and the TR-QELS technique.
We formed phopholipid biomembrane models at water/tetradecane interface and successfully monitored the hydrolysis reaction by enzyme in real time through the change in interfacial tension. We also formed further advanced biomembrane models and successfully detected the different dynamic behaviors of the liposome-DNA complex that adsorbed onto the biomembrane models. The combination of biological membrane models formed at oil/water interfaces and the TR-QELS method will provide useful and conventional tools to investigate many biological phenomena occurring at the biomembrane.
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